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Abstract 

ArgBP2 (Arg-Binding Protein 2/SORBS2) is an adaptor protein involved in cytoskeleton associated signal transduction, 
thereby regulating cell migration and adhesion. These features are associated with its antitumoral role in pancreatic cancer 
cells. Tyrosine phosphorylation of ArgBP2, mediated by c-Abl kinase and counterbalanced by PTP-PEST phosphatase, 
regulates many of its interactions. However, the exact mechanisms of action and of regulation of ArgBP2 remain largely 
unknown. We found that ArgBP2 has the capacity to form oligomers which are destabilized by tyrosine phosphorylation. We 
could show that ArgBP2 oligomerization involves the binding of one of its SH3 domains to a specific proline rich cluster. 
ArgBP2 self-association increases its binding to some of its molecular partners and decreased its affinity for others. Hence, 
the phosphorylation/oligomerization state of ArgBP2 directly regulates its functions by modulating its adaptive capabilities. 
Importantly, using a human pancreatic cancer cell model (MiaPaCa-2 cells), we could validate that this property of ArgBP2 is 
critical for its cytoskeleton associated functions. In conclusions, we describe a new mechanism of regulation of ArgBP2 
where tyrosine phosphorylation of the protein interfere with a SH3 mediated self-interaction, thereby controlling its panel 
of interacting partners and related functions. 
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Introduction 

ArgBP2 (SORBS2), together with CAP/Ponsin and Vinexin, 
belongs to the SoHo (Sorbin Homology) family of adaptor 
proteins. These proteins, which contain the unique Sorbin 
Homology domain in their N-terminal half and three SH3 
domains in their C-terminus, are well known to be involved in 
regulating cytoskeleton associated cell signaling events such as cell 
adhesion, cell migration, or vesicle trafficking [1,2]. CAP was 
shown to play a critical role in insulin signaling [3] . It enables the 
translocation of the ubiquitin ligase Cbl to lipid rafts micro- 
domains permitting the activation of the small GTPase TC10. 
This activation is essential to provoke the export of GLUT4 
receptors from intracytoplasmic citterns to the plasma membrane 
[3,4,5]. Vinexin has been implicated in the regulation of the 
spreading and migration of different cell types, in anchorage 
independent growth and in various cell signaling events 
[6,7,8,9,10]. ArgBP2 has been involved in regulatory processes 
of cytoskeleton organization and dynamic [11,12,13], synapses 
physiology [14] and neurites growth [15], regulation of cytoplas- 
mic kinases [16,17], tight junctions organization [18], and stability 
of vascular lumens [19]. We previously observed that these 
functions of ArgBP2 are important for normal behavior of 
pancreatic cells, and loss of ArgBP2 in pancreatic cancer cells is 



associated with increased aggressiveness [20,21]. This antitumoral 
function of ArgBP2 depends on its ability to control the multiple 
interactions of its numerous molecular partners, especially those 
involved in actin dynamics regulation such as WAVEs (wiskott- 
AJdrich syndrome protein containing Verprolin homology do- 
main) [22], c-Abl (Abelson kinase) [23], CIP4 (Cdc42 interacting 
protein 4) [24], and PTP-PEST (Protein tyrosine phosphatase with 
PEST domain) [25], and has been observed in other type of 
cancers [26,27,28]. 

Part of ArgBP2's functions is known to be regulated by its 
phosphorylation. In fact, ArgBP2 has been identified as a protein 
interacting with c-Arg and c-Abl kinases, and was shown to be 
strongly phosphorylated by both kinases [13]. Tyrosine phosphor- 
ylation of ArgBP2, which is inhibited by the action of PTP-PEST 
phosphatase [21], as well as its serine phosphorylation by PAK1 
[17], have been shown to control functions of ArgBP2 by 
enhancing its binding to a fraction of its molecular partners and 
inhibiting its association with others. A negative regulation of 
ArgBP2 and of some of its associated proteins, such as c-Abl, can 
be achieved by another ArgBP2 associated protein, the ubiquitin 
ligase c-Cbl, which mediates their polyubiquitination followed by 
proteasomal degradation [16]. Importantly, tyrosine phosphory- 
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lation of ArgBP2 increases this c-Cbl mediated negative regulation 
of ArgBP2 and of c-Abl. 

Many interacting partners have been identified for ArgBP2, 
Vinexin, and CAP, and some of them are shared by two or all the 
three members of the SoHo protein family [1,2]. Despite the many 
pathways these three proteins have been involved in, their exact 
mechanisms of action and their modes of regulation still need to be 
clarified. The demonstration that ArgBP2 is able to self-associate 
in a phosphorylation regulated manner and that this oligomeri- 
zation plays a major regulatory role regarding its functions provide 
new clues which highly contribute to the enlightening of these 
processes. 

Materials and Methods 

Cell culture and transfection 

MiaPaCa2, BxPC3, NIH-3T3 and HEK-293T cell lines were 
obtained from ATCC and maintained according to ATCC's 
recommendations. MiaPaCa2 cells stably expressing GFP, 
ArgBP2 WT or ArgBP2 PI mutant were generated by lentiviral 
infection. Expression of each protein has been verified by Western 
Blot and immunofluorescence. HEK-293T, and NIH-3T3 cells 
were transiendy transfected using lipofectamine 2000 reagent 
(Invitrogen) following manufacturer's instructions. A total of 1 |J,g 
of cDNA per well was used when cells were transfected in 1 2-well 
plates, 2 |J,g per well of 6-well plates, and 6 (J.g in 10 cm dishes. 
BxPG3 cells were transected with ArgBP2 siRNA as previously 
described [21]. 

Plasmids and peptides 

Myc and Flag-ArgBP2 wild type and 5Y mutant, Flag-ArgBP2 
N-terminal and C-terminal, GST-ArgBP2 constructs (N-terminal, 
C-terminal, SH3A, SH3B and SH3C), c-Abl (WT, KD, SH2, and 
SH3 mutants), Flag-PTP-PEST, Myc-WAVEl and Flag-CIP4 
have been previously described [16,20,21]. ArgBP2-Pl, -P2, -P3, 
and -TM were generated by PCR from Flag- and Myc-ArgBP2 
WT using QuikChange® site-directed mutagenesis technology 
(Agilent). Proline residues contained in proline motifs (PXXP) of 
PI, P2 and P3 clusters were changed to alanines. The forward 
primers were as follow (mutated codons are underlined): 

P497,500A (PI mutant) 

5'GCCTGCAAGAGCACCTCCGGCAGCCCAGCCCG- 
GAGAAATCGGAGAAGCTATAGCC AAATAC-3 ' 
P577,P579A (P2 mutant) 

5'GGTGCTGAGGACTACCCTGACCCT GCA ATA GCC- 
CAC AGCTATTCTAGTGATAGG-3 ' 
P595A (P3 mutant) 

5 '-GCTTGAGCTCAAATAAGGCACAGCGTCCTGTG-3 ' 
Protein fusions corresponding to Luciferase-ArgBP2 WT and 
PI were generated by subcloning the ArgBP2 WT and PI cDNA 
in frame in the multiple cloning site of pRluc-C 1 humanized 
vector (PerkinElmer). Protein fusions corresponding to EYFP- 
ArgBP2 WT and PI were generated by sub-cloning ArgBP2 WT 
and P 1 cDNA in frame in the multiple cloning site of pEYFP-C 1 
vector (Clontech). Plasmids used for lentiviral infection (pCCL- 
ArgBP2 WT and pCCL-ArgBP2 PI) were generated by subclon- 
ing ArgBP2 WT and ArgBP2 P 1 cDNA in the multiple cloning site 
of the lentiviral vector plasmid pCCL-WPS-PGK (a kind gift from 
Dr. Cedric Raoul, INSERM, INMED, Marseille). All cloning 
products were verified by sequencing. The sequence of the PI 
peptide was as follow: Ac-AQPARPPPPAQPGE-NH2. It was 
obtained from Genscript Corporation and was acetylated at the 
amino terminus and amidated at the carboxyl terminus. 



Antibodies 

The following antibodies and serum were used: rabbit 
polyclonal anti-ArgBP2 serum ([16], ArgBP2-3SH3), mouse 
monoclonal anti-ArgBP2 ([21], clone CI), mouse monoclonal 
anti-Myc (9E10), mouse monoclonal anti-Flag M2 and rabbit anti- 
GST-HRP (A-7340) were from Sigma-Aldrich, rabbit polyclonal 
anti-WAVE (H-180), mouse monoclonal anti-phosphotyrosine 
antibody (PY99), and rabbit polyclonal anti-Abl (K12), were from 
Santa Cruz Biotechnology. 

Immunoprecipitation, GST pull down, Western Blotting, 
and Far Western Blotting 

24 hours after transfection, cells were lysed in lysis buffer [16] 
containing protease inhibitors cocktail (Sigma-Aldrich) for 1 0 min 
at 4°C, and protein concentration determined with Protein Assay 
(Bio-Rad). For immunoprecipitation experiments, cleared lysates 
with adjusted protein concentration were incubated with 2 |Xg of 
the suitable antibody for 2 H at 4°C. Immune complexes were 
precipitated with Protein G/A-sepharose beads for an additional 
hour at 4°C. After extensive washing in cold lysis buffer, 
complexes were solubilized in sample buffer, boiled, and resolved 
by SDS-PAGE. Proteins were transferred onto nitrocellulose 
membranes and immunoblotted using the SNAP-ID system 
(Millipore) following manufacturer's recommendations. Immuno- 
blots were revealed using ECL (Millipore) and exposed to Fusion 
FX7 CCD camera (Vilber Lourmat). When required, densitom- 
etry of several experiments was done using ImageJ software and 
statistical analysis performed. For cross-linking experiments, 
Dimethyl pimelimidate (DMP, Thermo Fisher Scientific, Bre- 
bieres, France) was added to the cleared cell lysates (1 h at room 
temperature) and the cross-linking reaction was stopped by 
addition of Tris (40 mM, pH 8) in the lysates before immunopre- 
cipitation. For GST-binding assays, GST-fusion proteins adsorbed 
on glutathione-Sepharose beads [16] were incubated in cleared 
cell lysates for 2 hours at 4°C, washed in cold lysis buffer, and were 
processed for Western Blotting as described above. For Far 
Western Blotting, the prey proteins (Flag-ArgBP2 WT or PI) were 
precipitated from HEK293T cells, resolved by SDS-PAGE, and 
transferred to nitrocellulose membranes as in standard Western 
Blot. Then membranes were blocked in PBST (Phosphate- 
buffered saline, 5% milk, 0.05% Tween-20) for 1 hour and 
probed at 4°C o/n with 10 |Xg of purified bait (GST or GST- 
ArgBP2 fusion proteins) diluted in protein-binding buffer 
(100 mM NaCl, 20 mM Tris pH 7.6, 0.5 mM EDTA, 10% 
glycerol, 0.1% Tween-20, 2% milk, 1 mM DTT). The bait 
proteins were detected with HRP-conjugated anti-GST antibodies 
diluted at 1:500 in PBST. 

FPLC 

Cell lysates containing 5 mg of protein were filtered through a 
0.2 |J.m filter, and concentrated to a volume of 150 |J.l using 
Centricon Plus-20 (Millipore). The samples were applied to a 
Superdex 200 HR 10/30 column, which was equilibrated with 
Phosphate-buffered saline/0.1% Triton X-100, pH 7.5. Chroma- 
tography was run at 0.5 ml/min using a FPLC phamacia LKB 
and fractions of 0.5 mL were collected. Fractions were subjected 
to immunoprecipitation using anti-ArgBP2 (CI) antibodies 
followed by Western blot. The column was calibrated using the 
LMW gel filtration calibration kit (GE Healthcare). 

BRET (Bioluminescence Resonance Energy Transfer) assay 

The pRluc expression vector was defined as BRET donor and 
pEYFP defined as BRET acceptor. We used a constant amount of 
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BRET donor and increasing amounts of BRET acceptor. Empty 
pEYFP vector was used to equalize DNA amounts in each sample. 
Cells were transfected in 12-well culture plates with 1 (J,g of total 
plasmid DNA. 24 h later, cells were harvested and distributed in a 
white 96-well microplate (10' cells/well). On the following day, 
cell media was replaced by Opti-MEM, and the cell-permeable 
Rluc substrate Coelentherazin-h (Promega) was added to a final 
concentration of 5 uM, 15 min before acquisition, using a 
TRISTAR, with signals detection set at 470-490 nm (donor) 
and 520-540 nm (acceptor) windows. To assess signal variation, 
BRET values were determined using the following equation, 
expressed in mBu (milli-BRET unit): (530 nm acceptor signal/ 
480 nm donor signal - E 0 ) xlOOO, where E 0 corresponds to the 
ratio 530 nm acceptor signal/480 nm donor signal obtained with 
the Rluc construct alone in the same experiment. 

Migration assay 

The effect of ArgBP2 expression on MiaPaCa cell migration 
was determined using Multiwell Chemotaxis chambers (Neuro 
Probe, USA) with 8-|lm pore polycarbonate filters (Nucleopore 
Track-Etch Membrane, GE Healthcare). The undersurface of 
filters was coated with 10 u,g/mL of fibronectin. The lower tank 
was filled with DMEM containing 0.1% BSA and the membrane 
was placed on the chamber. Cells (50.10 ) in DMEM containing 
0.1% BSA were seeded on the top side of perforated filters. 
Following incubation (7 h), non migratory cells on the upper 
surface of the filter were wiped with a cotton swab. Cells that 
migrated to the lower surface of the filter were fixed and stained 
with Coomassie blue. Haptotaxis was determined by counting cells 
in 5 random microscopic fields (magnification, x 1 00) per well. 
Migration results were expressed as the average number of 
migrating cells per microscopic field. Assays were repeated more 
than three times and statistic was applied. 

Spreading assay 

24-well plates were coated overnight at 4°C with 250 |0.L of 
fibronectin at 10 u.g/ml. Coated wells were washed twice with 
PBS and were blocked with 0.5% BSA in PBS for 30 min. Single 
cell suspensions (50,000 cells in 0.5 ml) were seeded onto 
substratum-coated wells and allowed to adhere for 2 h at 37°C. 
Cell areas were measured microscopically using ImageJ software. 
Assays were repeated more than three times and statistic was 
applied. 

PLA (Proximity ligation assay) and immunofluorescence 

PLA experiments were done in NIH3T3 and BxPC3 cells. 24 h 
after transfection (expression plasmids or siRNAs), cells were 
seeded on glass coverslips for an additional 24 h before performing 
PLA, and control immunofluorescence (Figure SI). Then cells 
were washed twice in PBS and incubated 10 minutes in PBS 
containing 4% paraformaldehyde. After being washed in PBS, 
cells were treated 20 minutes in PBS/50 mil NH4C1, washed 
twice, permeabilized 3 min in PBS/0.2% Triton X-100 and 
washed twice. Protein-protein interactions were observed using the 
PLA technology (Duolink) according to manufacturer's recom- 
mendations (Olink). Expression of each transfected protein was 
verified by immunofluorescence as described previously [20]. 
Preparations were mounted using Prolong Gold antifade reagent 
(Invitrogen) and examined with Nikon microscope Eclipse 901. 



Statistical Analysis 

Microsoft Excel was used for statistical analysis. Values from 
independent experiments were compared using Student's t test 
and were expressed as mean ± standard deviation. 

Results 

ArgBP2 interacts with itself 

To explore the potential oligomerization of ArgBP2 proteins we 
have performed co-immunoprecipitation experiments using myc 
tagged ArgBP2 and Flag tagged ArgBP2 co-expressing cells. As 
shown in Figure 1A (and Figure S2), we could observe that 
ArgBP2 efficiently interacted with itself. Next, we confirmed this 
property of ArgBP2 with endogenous protein. To this end, we 
used BxPC3 cells which express endogenous ArgBP2 [21] and 
performed PLA experiment with only one anti-ArgBP2 monoclo- 
nal antibody thereby generating positive signal only if at least two 
ArgBP2 molecules interact. As expected, we observed a specific 
PLA signal in these cells that disappeared when ArgBP2 specific 
siRNA was transfected (Figure IB). ArgBP2 contains three SH3 
domains in its C-terminus and the SoHo domain in its N-terminal 
part (Figure 1C) which could all take part in ArgBP2 oligomer- 
ization. In order to discriminate which of these domains mediat 
ArgBP2 oligomerization, we have used GST protein fused to the 
N-terminus or the C-terminus of ArgBP2 to precipitate the Flag 
tagged N-terminus (Figure ID, right panel) and C-terminus of 
ArgBP2 (Figure ID, left panel). We observed that only the C- 
terminal part of ArgBP2 was able to interact with another C- 
terminal part. As the GST-ArgBP2 N-ter fusion did not bind to 
ArgBP2 N-ter or C-ter, we have controlled that it was functional 
by its ability to precipitate Flotillin, a known ArgBP2-Nter 
interacting protein (Figure S3). Hence, oligomerization of ArgBP2 
involved one or several of its SH3 domains that bound to one or 
several proline motifs located in its C-terminus too (Figure IE). 

Characterization of ArgBP2 oligomers 

To confirm the hypothesis that one or several SH3 domains 
mediate the oligomerization of ArgBP2, we have tested the ability 
of each single SH3 domains fused to GST (Figure IB) to bind to 
full length ArgBP2 expressed in HEK-293T cells. We observed 
that, despite a weak interaction through the SH3 A domain, the 
SH3 B domain of ArgBP2 was the major binding module (Figure 
2A). SH3 domains usually bind "PXXP" type proline motifs. The 
C-terminal part of ArgBP2 contains three proline rich clusters (PI, 
P2 and P3) containing one or several of this kind of proline motif 
(schematized in Figure 2B). To determine which one of these three 
proline clusters was involved in ArgBP2 self-interaction, we 
generated ArgBP2 mutant proteins in which the proline residues 
included in proline motifs of each cluster (P497 and P500 for 
ArgBP2 PI, P577 and P579 for ArgBP2 P2, and P595 for ArgBP2 
P3) were individually (ArgBP2 PI, P2, and P3) or simultaneously 
(ArgBP2 triple mutant: TM) changed to alanine residues, thereby 
preventing their recognition by any SH3 domain. Subsequently, 
we have studied the ability of each GST-fused SH3 domains of 
ArgBP2 to bind to each proline mutants proteins. As expected, the 
simultaneous mutation of the three clusters of proline motifs 
(ArgBP2 TM) totally abolished ArgBP2 recognition by GST- 
ArgBP2 SH3 B and SH3 A, as well as by the C-terminal part 
containing all 3 SH3s together (Figure 2C). Importandy, whereas 
P2 and P3 mutants were still able to bind efficiently to SH3 A and 
B, the PI mutant was completely unable to bind to both SH3 
domains. Thus, we could establish that the ArgBP2/ArgBP2 
interaction took place mainly between the SH3 B domain of one 
molecule and the proline cluster PARP 497 PPP 500 (PI) contained in 
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Figure 1. Oligomerization of ArgBP2. A) HEK293T cells were transfected with myc-ArgBP2 and flag-ArgBP2 expressing vectors as indicated. 
Lysates were subjected to immunoprecipitation (IP) with an anti-Myc antibody and membranes were first immunoblotted (IB) with an anti-Flag 
antibody. After stripping, membranes were blotted with an anti-Myc antibody to control the amount of precipitated material. The expression of the 
different constructs was controlled by blotting total cell lysates (TCL) with the corresponding antibodies. B) PLA study of endogenous ArgBP2 self- 
interaction in BxPC3 cells. Cells were transfected with ArgBP2 specific siRNA or control siRNA (48 h before) and anti-ArgBP2 monoclonal antibody (CI) 
conjugated to positive PLA probe was mixed with the same antibody conjugated to negative PLA probe to perform PLA experiments. C) Schematic 
representation of ArgBP2 indicating the different deletion mutants used. D) Lysates from HEK293T cells expressing Flag-tagged ArgBP2 N-terminal 
(ArgBP2 N-ter) or C-terminal (ArgBP2 C-ter) part (see Fig. B) were subjected to GST pull-down with N-terminal and C-terminal parts of ArgBP2 as 
indicated. The upper parts of membranes were immunoblotted with anti-Flag (ArgBP2 N-terminal or C-terminal), and the lower part with anti-GST 
antibody. E) Scheme of ArgBP2 parts involved in its interaction. 
doi:10.1371/journal.pone.0087130.g001 
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another one. To validate the direct and physical interaction 
between two ArgBP2 proteins, and to avoid any contribution of 
other ArgBP2 associated proteins, we performed Far-Western 
blots experiments using GST-fused to wild-type ArgBP2 as a first 
probe. Wild-type ArgBP2 precipitated from HEK293T cells, but 
not ArgBP2 PI mutant, was recognized by GST-ArgBP2 (Figure 
2D). This data confirmed the direct physical association of ArgBP2 
with itself and demonstrated the essential role played by the PI 
cluster. To further validate the molecular mechanism of ArgBP2 
oligomerization, we used a peptide whose sequence corresponds to 
the PI proline stretch as a binding competitor. As expected, the 
use of this peptide, during GST pull-down, strongly impaired the 
interaction between SH3 B/A and ArgBP2 WT protein (Figure 
2E). Curiously, the effect of the PI peptide was not complete and 
residual interactions remained. This observation suggests that the 
PI stretch, in the context of full ArgBP2 protein, benefited from an 
imposed structural conformation that the peptide alone could not 
spontaneously form. 

ArgBP2 oligomerization in a cellular context 

We next aimed to confirm the ArgBP2 oligomerization and the 
role of the PI proline cluster at the cellular level. Therefore, we 
performed co-immunoprecipitation experiments with wild-type 
and mutants ArgBP2 proteins. Consistent with our in vitro results, 
inactivation of PI cluster strongly reduced the ArgBP2/ArgBP2 
interaction, whereas alteration of P2 or P3 clusters had no impact 
(Figure 3A). Moreover, the simultaneous mutation of PI, P2 and 
P3 clusters had the same effect than P 1 mutation alone, indicating 
that only PI proline cluster was essential for ArgBP2 oligomer- 
ization in cellulo. This observation was confirmed in living cells 
using BRET (Figure 3B) and PLA (Figure 3C) techniques. 
Intriguingly, in all these experiments, residual self-interaction 
between PI or TM mutant ArgBP2 proteins subsisted. This 
observation suggests that despite the major role played by the PI 
cluster in the direct oligomerization of ArgBP2, in cellular context, 
some secondary and indirect interactions (probably some of the 
ArgBP2 binding partners) could enable residual ArgBP2/ArgBP2 
association. 

As a scaffold protein, ArgBP2 primarily interacts with other 
proteins and forms multi-molecular complexes. We have per- 
formed cross-linking experiments (Figure 3D) and gel filtration 
assays (Figure 3E) to visualize the ArgBP2 containing complexes. 
We could detect ArgBP2 WT in a complex of 150 KDa which 
could correspond to ArgBP2 dimers (Figure 3D). This complex 
almost disappeared with the PI mutant. Other major ArgBP2 
containing complexes, in the range of 200 kDa and which could 
correspond to ArgBP2 homotrimers and to heteromers of ArgBP2 
with some of its associated proteins, was also observed and was 
strongly reduced with the PI mutation (Figure 3D). These results 
were confirmed by gel-filtration experiments where mutating the 
PI cluster impaired, partially, the ability of ArgBP2 to form high 
molecular weight complexes (Figure 3E). Hence, oligomerization 
of ArgBP2 favored the formation of bigger molecular complexes. 

ArgBP2 oligomerization regulates its interaction with its 
partners 

ArgBP2 is an adaptor protein and its functions are highly 
dependent on its binding to its associated proteins. Therefore we 
have studied how oligomerization of ArgBP2 may modulate its 
interactions with some of its known interacting partners. We 
compared the ability of ArgBP2 WT and of ArgBP2 PI mutant to 
bind to some of them and we have explored the impact of PI 
peptide on these associations. Inhibition of ArgBP2 self-association 
greatly enhanced the binding to WAVE1 (Figure 4A), indicating 



that WAVE1 preferentially associated with monomers of ArgBP2. 
The presence of PI peptide greatly reduced the WAVEl/ArgBP2 
association (Figure 4B). On the contrary, inhibition of ArgBP2 
oligomerization greatly reduced its binding to PTP-PEST (Figure 
4C) and c-Abl (Figure 4E), meaning that both PTP-PEST and c- 
Abl preferentially associated with oligomers of ArgBP2. Using PI 
peptide efficiently inhibited the association of ArgBP2 with both 
PTP-PEST (Figure 4D) and c-Abl (Figure 4F). Logically, the 
decreased association of ArgBP2 PI with c-Abl also resulted in a 
reduced phosphorylation of ArgBP2 PI (Figures 4E and 4F). 

ArgBP2 oligomerization is regulated by c-Abl mediated 
phosphorylation 

Because ArgBP2 association with both the kinase c-Abl and the 
phosphatase PTP-PEST was regulated by its oligomerization we 
wondered if, inversely, phosphorylation state of ArgBP2 could 
modulate its oligomerization. Using c-Abl WT and KD (kinase 
deficient), we observed that tyrosine phosphorylation of ArgBP2 
strongly impaired the co-immunoprecipitation of ArgBP2 with 
itself (Figure 5A and Figure S2). Moreover, c-Abl bound more 
avidly to phosphorylated ArgBP2 than to unphosphorylated 
ArgBP2 (Figure 5A). Importantly, this effect of c-Abl mediated 
phosphorylation upon ArgBP2 self-association was confirmed in 
living cells both by BRET (Figure 5B) and by PLA (Figure 5C). 

In addition to the sole effect of tyrosine phosphorylation of 
ArgBP2, the increased ArgBP2 /c-Abl interaction could also 
contribute to the dissociation of ArgBP2 oligomers. To discrim- 
inate between the role of tyrosine phosphorylation of ArgBP2 and 
of c-Abl binding, we performed complementary experiments. 
Among the 30 tyrosine residues of ArgBP2, five have high 
probability of being targeted by c-Abl mediated phosphorylation 
(Figure S4). Therefore, we have generated a mutant ArgBP2 
protein in which all these five tyrosine residues are changed to 
non-phosphorylable phenylalanine residues (ArgBP2 5Y). As 
expected, co-immunoprecipitation of ArgBP2 5 Y was higher than 
co-immunoprecipitation of ArgBP2 WT (Figure 5D), confirming 
that tyrosine phosphorylation of ArgBP2 reduced its self-associa- 
tion. Finally, we have used several c-Abl mutants (KD, SH2, and 
SH3 mutants) in order to clarify the c-Abl/ ArgBP2 mode of 
interaction (Figure 5E). As previously shown, c-Abl KD bound less 
to ArgBP2 than c-Abl WT. Interestingly, like c-Abl KD, c-Abl 
SH2 mutant also bound poorly to ArgBP2 (Figure 5E). On the 
contrary, SH3 mutant of c-Abl bound to ArgBP2 as efficiently as 
WT c-Abl (Figure 5E). Hence, the increased c-Abl/ ArgBP2 
interaction was mainly dependent on the binding of the SH2 
domain of c-Abl to phosphorylated tyrosines of ArgBP2. 

Oligomerization dependent cellular functions of ArgBP2 

Considering that oligomerization of ArgBP2 can regulate some 
of its interactions, we assumed that this property of ArgBP2 could 
regulate some of its cellular functions. Therefore, we compared 
ArgBP2 WT and ArgBP2 PI expressing MiaPaCa2 pancreatic 
cancer cells in order to study what is the biological relevance of 
ArgBP2 oligomerization. Expression of ArgBP2 WT in these cells 
is known to inhibit cell adhesion, cell spreading and cell migration 
[21]. We could observe that, contrary to ArgBP2 WT, ArgBP2 PI 
mutant was unable to decrease MiaPaCa2 cells spreading (Figure 
6A). Therefore, self-interaction of ArgBP2 was required for the 
ArgBP2 mediated inhibition of pancreatic cancer cells spreading. 
Surprisingly, ArgBP2 PI mutant was as efficient as ArgBP2 WT in 
inhibiting MiaPaCa2 cells' migration (Figure 6B). Hence, the 
control of pancreatic cancer cells migration by ArgBP2 was not 
dependent on its oligomerization capability. 
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Figure 2. The interaction takes place between the SH3 B domain of one ArgBP2 protein and a proline motif of another one. A) 

Lysates from cells expressing myc-ArgBP2 were subjected to GST pull-down with different SH3 domains of ArgBP2. B) Schematic representation of 
ArgBP2 showing the three clusters of proline motifs contained in the C-terminal part of ArgBP2. Three mutants of ArgBP2 were generated in which 
the important prolines residues of each clusters were changed to alanines (ArgBP2 P1, ArgBP2 P2 and ArgBP2 P3). A mutant owning the triple 
mutation was generated (ArgBP2 TM). Mutated prolines are indicated in bold. C) Lysates from HEK293T cells transfected with proline clusters mutants 
of ArgBP2, were subjected to GST pull-down with different SH3 domains of ArgBP2 as indicated. The upper parts were immunoblotted (IB) with an 
anti-myc antibody (ArgBP2) and the lower parts with an anti-GST antibody. D) Far western blot of ArgBP2 WT and PI. Lysates from cells expressing 
Flag tagged ArgBP2 WT or PI were probed with GST or GST-ArgBP2 fusion protein. Membranes were then revealed using anti-GST immunoblot. E) 
GST pull-down of myc-ArgBP2 WT using GST fused to SH3 domains or C-terminal part of ArgBP2 (as in A) in presence or not of 50 |*M of P1 peptide. 
doi:10.1371/journal.pone.0087130.g002 
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Figure 3. Mutation of PI cluster of proline motifs affects ArgBP2's oligomerization. A) Lysates from HEK293T cells, expressing myc and 
Flag tagged version of WT or mutants ArgBP2, were subjected to immunoprecipitation (IP) with an anti-Myc antibody and membranes were 
immunoblotted (IB) with an anti-Flag antibody. After stripping, membranes were blotted with an anti-Myc antibody to control the amount of 
precipitated material. The expression of the different constructs was controlled by blotting total cell lysates (TCL) with the corresponding antibodies. 
B) BRET assay using ArgBP2 WT or PI mutant. A constant amount of Luciferase fused to ArgBP2 WT or P1 was co-transfected in HEK293T cells with 
increasing amount of EYFP fused ArgBP2 WT or PI respectively. BRET signal has been calculated as described in experimental procedures and one 
representative experiment is shown. C) PLA assay for ArgBP2 oligomerization using NIH-3T3 cells transfected with Myc and Flag tagged ArgBP2 WT, 
or PI mutant. D) Lysates from HEK293T cells transfected with Myc tagged ArgBP2 WT or ArgBP2 TM were treated (+ DMP) or not (- DMP) with a cross- 
linking reagent (Dimethyl pimelimidate, DMP). Then, lysates were subjected to immunoprecipitation with an anti-Myc antibody and membranes were 
immunoblotted with an anti-Myc antibody. Expression of both constructs was controlled by blotting total cell lysates (TCL) with an anti-Myc 
antibody. E) Gel filtration assay. Macromolecular complexes from lysates of HEK293T cells expressing either ArgBP2 WT or ArgBP2 P1 mutant, were 
separated by FPLC as described in experimental procedures. Fractions were subjected to immunoprecipitation using an anti-Myc antibody and 
membranes were immunoblotted using anti-ArgBP2 antibody. 
doi:10.1371/journal.pone.0087130.g003 



Discussion 

ArgBP2 and other members of the SoHo family are adaptor 
proteins involved in the regulation of signalling events and actin 
cytoskeleton functions. They have been involved in RTKs 
signalling [3,29], in a variety of intracellular signals 
[10,17,19,30,31], as well as in the modulation of cell adhesion, 
spreading and migration [7,11,18,19,20,21,30,32]. Their impor- 
tant roles as modulators, and sometime actors, of these central 
biological processes have been revealed by their deficiencies in 
diverse human pathologies including cancers [2]. Therefore, to 
understand how these proteins function and how they are 
regulated turns out to be of a primary interest. Part of their 
mechanisms of action has been revealed by the identification of a 
still growing number of molecular partners, many of them being 
shared between ArgBP2 CAP and vinexin, such as vinculin, 
flotillin, c-Cbl and c-Abl [2]. However, the mechanisms control- 
ling the way these proteins preferentially interact with a set of their 
molecular partners, at a given time and space in cell, remain 
largely unclear. 

One of these regulatory mechanisms involves alternative 
splicing. Indeed, different isoforms of ArgBP2 (nArgBP2, ArgBP2 
alpha, beta, gamma) are expressed depending on the cell/tissue 
compartment, conferring new topology specific functions to the 
protein [13,14,17,18]. This regulatory mechanism is shared by 
other members of this protein family [7,33]. Another major 
regulatory mechanism of SoHo proteins functions involves their 
tyrosine and serine/threonine phosphorylation [13,17,21,34,35]. 
We assume that phosphorylation of ArgBP2 facilitates the 
recruitment of SH2 or PTB domain containing protein, such as 
c-Abl and c-Cbl respectively ([16] and Figure 5E). But, phosphor- 
ylation of ArgBP2 also regulates its interaction with partners 
devoid of any phospho-residue recognition domain. Hence, it is 
mostly probable that ArgBP2 phosphorylation induces conforma- 
tional changes resulting in the exposure and hiding of distinct 
interaction modules. By showing that phosphorylation of ArgBP2 
regulates its oligomerization, our results explain part of this 
mechanism. 

One remaining critical point regarding the adaptive function of 
ArgBP2 is that different ArgBP2 interacting proteins share the 
same SH3(s) domain(s) of ArgBP2. Consequently, multiple 
partners may compete with each other for binding to ArgBP2. 
For example, as c-Abl binds to SH3 A and C of ArgBP2 [13] while 
WAVE1 binds to SH3 A and B [21], c-Abl and WAVE1 compete 
for binding to SH3 B domain. Hence, one possibility to overcome 
this problem is that ArgBP2 can form oligomers. Using a panel of 
in vitro and in cellulo techniques, we were able to confirm that 
ArgBP2 interacts with itself to form oligomers, thereby multiplying 
the number and variety of ArgBP2 partners contained in one 
complex. 



We next aimed to determine how this oligomerization takes 
place. Because there is no known oligomerization domain in 
ArgBP2, we firsdy hypothesized that one or several SH3 domains 
of ArgBP2 could bind to one or several of its proline motifs. We 
could show that this is indeed the case but, surprisingly, the 
involved proline motif was not located within the major proline 
riche region of ArgBP2 (between amino-acids 213 and 228) but 
within a smaller proline riche region located between the first and 
second SH3 domains. Moreover, the fact that oligomerization of 
ArgBP2 occurred mainly via its SH3 B domain implies that self- 
interaction of ArgBP2 would lead to a molecular complex where 
most of the N-terminal part and the SH3 A and C of ArgBP2 are 
fully accessible, whereas the SH3 B is already engaged. Hence, 
oligomerization of ArgBP2 would generate a molecular platform 
with an increased number of available SH3 A and SH3 C domains 
and a decreased number of available SH3 B domains. This 
hypothesis is supported by the fact that WAVE1, which interacts 
with ArgBP2 via the SH3 A and B [21], bound preferentially 
monomers of ArgBP2 (Figure 4A), whereas c-Abl and PTP-PEST, 
which can also bind to other SH3s, had a better affinity for 
oligomers of ArgBP2 (Figures 4C and 4E). Intriguingly, whereas 
WAVE1 had a better affinity for ArgBP2 PI mutant (Figure 4A) 
the use of the PI peptide reduced this WAVEl/ArgBP2 
interaction. In fact, considering that WAVE1 binds principally 
to SH3 B of ArgBP2 [21] the use of this peptide must saturate the 
SH3 B thereby impeding the binding of WAVE 1 or any other 
SH3B interacting protein. Finally, it is important to notice that 
interaction of ArgBP2 with some of its associated proteins, like 
CIP4, was not influenced by its oligomerization (Figure S5). 

As phosphorylation of ArgBP2 is well known to regulate some of 
its functions [11,13,16,20,21], we assumed that this post-transla- 
tional modification of ArgBP2 could also alter its oligomerization. 
Indeed, we could observe that ArgBP2 tyrosine phosphorylation 
by c-Abl strongly inhibited ArgBP2 self-association (Figure 5A). 
Accordingly, oligomerization of phospho-deficient ArgBP2 5Y 
mutant was stronger than oligomerization of ArgBP2 WT (Figure 
5D). Importandy, we could validate that phosphorylation induced 
destabilization of ArgBP2 oligomers is one regulatory mechanism 
of ArgBP2 interactions. Indeed, lack of binding of PTP-PEST to 
the oligomerization deficient ArgBP2 PI mutant mimicked the 
effect of ArgBP2 phosphorylation regarding this interaction [21]. 
This result tends to prove that despite its role in recruiting 
phosphotyrosine recognition domain containing proteins, phos- 
phorylation of ArgBP2 also regulates its binding to its associated 
partners by destabilizing ArgBP2 oligomers. 

Unlike ArgBP2 WT, ArgBP2 PI mutant was unable to inhibit 
pancreatic cancer cells spreading whereas it was still able to inhibit 
their migration (Figure 6). Importantly, whereas cell spreading 
mainly depends on membrane protrusion supported by actin 
filaments polymerization and establishment of new focal adhe- 
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Figure 4. ArgBP2 oligomerization can modulate its binding to some of its partners. A) Co-immunoprecipitation of ArgBP2 WT or ArgBP2 
P1 with WAVE1. Lysates from HEK293T cells, transfected as indicated, were subjected to immunoprecipitation (IP) using an anti-ArgBP2 antibody. 
Membranes were first immunoblotted (IB) with an anti-WAVE antibody then, after stripping, membranes were blotted with an anti-ArgBP2 antibody 
to control the amount of precipitated material. Expression of all proteins was controlled by blotting total cell lysates (TCL) with the corresponding 
antibodies. B) Effect of the P1 peptide upon the ArgBP2/WAVE1 co-immunoprecipitation. Lysates from cells expressing WAVE1 and ArgBP2 WT were 
treated or not with the P1 peptide prior to IP using an anti-ArgBP2 antibody. Membranes were first immunoblotted with an anti-WAVE antibody then, 
after stripping, with an anti-ArgBP2 antibody to control the amount of precipitated material. Proteins expressions were controlled by blotting TCL 
with the corresponding antibodies. C) As in A), co-immunoprecipitation of ArgBP2 WT or P1 mutant with PTP-PEST. D) As in B), effect of P1 peptide 
upon the ArgBP2/PTP-PEST co-immunoprecipitation. E) As in A), co-immunoprecipitation of ArgBP2 WT or P1 mutant with c-Abl, and resulting 
phosphorylation of ArgBP2. F) As in B), effect of P1 peptide upon the ArgBP2/c-Abl co-immunoprecipitation and ArgBP2 phosphorylation. 
doi:10.1371/journal.pone.0087130.g004 



sions, cell migration further requires retraction at the cell's rear, 
contraction of the cell body, actin filaments depolymerization and 
cell detachment [36]. Hence, it seems that ArgBP2 must 
oligomerize to inhibit processes that are dependent on actin 
polymerization and adhesion formation (construction processes) 
whereas it obviously has the ability to inhibit actin depolymeriza- 
tion and/or de-adhesion dependent mechanisms (demolition 
processes) both as monomers and oligomers. 



Functions endowed by other members of the SoHo family (CAP 
and vinexin) may be dependent on the same regulatory 
mechanism of self-association. Future investigations will shed light 
on this point. Undoubtedly, members from this family of proteins 
may also form hetero-oligomers. Indeed, we have used mass 
spectrometry in order to identify proteins contained in the cross- 
linked immunoprecipitated ArgBP2 complexes (data not shown) 
and found that CAP/Ponsin was one of the constituents. We could 
confirm this ArgBP2/CAP association by co-immunoprecipitation 
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Figure 5. Phosphorylation of ArgBP2 by c-Abl regulates its oligomerization. A) HEK293T cells were transfected with Myc and Flag tagged 
ArgBP2, wild type c-Abl (WT) and kinase-inactive c-Abl (KD) expressing vectors, as indicated. Lysates were subjected to immunoprecipitation (IP) 
using an anti-Myc antibody and membranes were immunoblotted (IB) using an anti-Flag (ArgBP2) antibody at ArgBP2 level, and with an anti-c-Abl 
antibody at c-Abl level. After stripping, membranes were blotted with an anti-phosphotyrosine (PY) antibody to estimate the phosphorylation of 
ArgBP2 and, in a third time, with an anti-Myc antibody (to control the amount of precipitated material). Expression of all proteins was controlled by 
blotting total cell lysates (TCL) with the corresponding antibodies. B) BRET analysis of the effect of c-Abl upon ArgBP2 self-association. HEK293T cells 
were transfected with a constant amount of Luciferase fused to ArgBP2 WT and an increasing amount of EYFP fused ArgBP2 WT. BRET signal has been 
calculated as described in experimental procedures. C) PLA study of ArgBP2 WT oligomerization in presence or not of c-Abl, using NIH-3T3 cells 
transfected with Myc and Flag tagged ArgBP2 WT with or without c-Abl expressing vectors. D) HEK293T cells were transfected with myc and flag 
tagged ArgBP2, wild type (WT) or five tyrosines mutant (5Y). Lysates were subjected to IP with an anti-Flag antibody and membranes were blotted 
using anti-Myc antibody. After stripping, membranes were blotted using anti-Flag antibody to control the amount of precipitated material. The 
expression of the different constructs was controlled by blotting TCL with the corresponding antibodies. E) Lysates from 293T cells expressing Flag 
tagged ArgBP2 WT together with c-Abl WT, the kinase deficient (KD), the SH2 domain mutant (SH2), or the SH3 domain mutant (SH3), were subjected 
to IP using an anti-Flag antibody to precipitate ArgBP2. The amount of co-precipitated c-Abl was revealed by blotting the upper part of the 
membrane with an anti-c-Abl antibody, and the amount of precipitated ArgBP2 was controlled by blotting the lower part with an anti-Flag antibody. 
The expression of all constructs was verified in TCLs. E) (right) Graphical representation of pooled data from three independent experiments. 
doi:10.1371/journal.pone.0087130.g005 
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Figure 6. Role of ArgBP2 oligomerization regarding cell spreading and migration. A) Miapaca-2 cells stably expressing ArgBP2 WT, ArgBP2 
P1 mutant, or GFP as control, were seeded onto fibronectin coated culture plates. After two hours, cells were fixed and stained using Coomassie blue. 
Ten pictures of each were taken and the size of each cell has been evaluated using ImageJ software (NIH). Three independent experiments were used 
to generate the data which are represented as mean +/- SD and Student T test has been performed to compare GFP with ArgBP2 WT and ArgBP2 WT 
with ArgBP2 P1 expressing cells. B) Miapaca-2 cells stably expressing ArgBP2 WT, ArgBP2 P1 mutant, or GFP as control, were subjected to cell 
migration assays in Boyden chambers during 7 hours. Migrating cells were then fixed and stained using Coomassie blue. Each experiment was done 
in triplicate and five random pictures were taken from each well. Three independent experiments were pulled together and cell migration is 
expressed as a percentage of control cells (GFP) migration +/- SD and student T test has been done to compare GFP with ArgBP2 WT and GFP with 
ArgBP2 P1 expressing cells. 
doi:1 0.1 371 /journal.pone.00871 30.g006 



of the two proteins (Figure S6). Therefore, depending on their 
tissue expression profile, different members of the SoHo family 
expressed in a cell may collaborate by hetero-oligomerization to 
support a broader range of possible regulatory processes. 

Supporting Information 

Figure SI Control immunofluorescence of NIH3T3 cells 
used for PLA assays. (A) Control immunofluorescence 
corresponding to Figure 3C. Cells were stained with rabbit anti- 
Flag and mouse anti-Myc antibodies, followed by staining with the 



corresponding fluorescent secondary antibodies (Alexa-546 and 
488). (B) Control immunofluorescence corresponding to Figure 
5C. Cells were stained with rabbit anti-Flag and mouse anti-Myc 
antibodies, or with anti-Abl antibodies, followed by staining with 
the corresponding fluorescent secondary antibodies (Alexa-546 
and 488). 
(TIF) 

Figure S2 Co-immunoprecipitation of ArgBP2 with 
itself. Lysates from 293T cells transfected as indicated were 
subjected to immunoprecipitation using an anti-Flag antiboby. 
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Immunoprecipitated proteins (IP Flag), as well as total cell lysates 
(TCL), were analyzed by western blotting using the indicated 
antibodies. 
(TIF) 

Figure S3 Control of the GST-ArgBP2 N-ter construct. 

Flotillin is known to interact with ArgBP2 N-terminal part. As a 
positive control of the efficacy of the GST-ArgBP2 N-ter 
construct, the lysates from HEK293T cells expressing Flotillin 
were subjected to GST pull-down with N-terminal part of 
ArgBP2. The upper parts of filters were immunoblotted using 
anti-Flotillin antibody, and the lower part with anti-GST antibody. 
(TIF) 

Figure S4 Schematic representation of ArgBP2 indicating the 
position of the 5 tyrosine residues (Y50, Y59, Y164, Y175 and 
Y573, indicated by asterisks) contained in consensus sequences for 
c-Abl mediated phosphorylation. 
(TIF) 

Figure S5 Co-immunoprecipitation of ArgBP2 WT and 
PI with CIP4 protein. 293T cells were transfected as indicated 
and lysates were subjected to immunoprecipitation (IP) using an 
anti-ArgBP2 antibody. Immunoprecipitated material and total cell 
lysates were immunoblotted (IB) using an anti-Flag antibody 
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